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Shepherd, Paul, M.A., March 1984 Zoology
Heat Balance and Energetics in the Resting and Running Guinea
Fowl (Numida meleagris), (59 pp.)
Director: Dr. Delbert L. Kilgore
While much attention has focused on thermoregulation of birds 
at rest, little research exists concerning their energetics and 
heat balemce during strenuous activity, particulary running. The 
purpose of this study is to investigate heat balance in running 
guinea fowl, Numida meleagris, a moderately sized bird. Small 
running birds due to their correspondingly larger surface-to- 
volume ratio may be less likely to rely on heat storage and may 
instead rely on surface related means of heat dissipation, (i.e.; 
evaporation).
Oxygen consumption, carbon dioxide production, total body water 
loss, cutaneous and respiratory water loss and colonic temperature 
were simultaneously monitored while birds rested quietly on a 
treadmill and then while running at speeds ranging from 0.42m*s~^ 
to l.llm*s“^ and at air temperatures remging from 25 to 45°C.
From these data, estimates of total heat production, respiratory 
and cutaneous evaporative heat loss, nonevaporative heat loss and 
heat storage were calculated.
Mean resting rates of oxygen consumption of guinea fowl are 0.66,
0.67 and 0.78 ml02*g“^-h“  ̂at 25, 35, and 45®C respectively. Oxygen 
consumption of running guinea fowl, however, increases linearly 
with increasing running speed and is independent of air temperature. 
Mean rates at running speeds of 0.42, 0.69 and l.llm*s~^ and at 
25®C are 1.84, 1.76 and 2.44 ml02‘9”^*h” .̂ The slope of the re­
gression line relating oxygen consumption to running speed at all 
air temperatures is 0.44 ml02*9~^*kni~^. Resting guinea fowl at 
25®C lost 62% of their heat production through nonevaporative heat 
loss, 23% through cutaneous evaporation and 15% through respiratory 
evaporation. Heat storage in these birds is minimal. At 45®C the 
fraction of the total heat production lost through respiratory 
evaporation substantially increases, that lost through cutaneous 
evaporation remains unchanged, that through nonevaporative means 
declines and heat storage increases to 3%. In running guinea 
fowl the fraction of the heat production lost through these various 
avenues is dependent on air temperature but independent of running 
speed. However, the fraction of the total heat produced during 
exercise that is stored increases with level of exercise. A guinea 
fowl running at 25®C loses 47% of its heat production by non­
evaporative means, 36% by cutaneous evaporation, 11% by respiratory 
evaporation and stores 7%. Guinea fowl running at the highest air 
temperature (45®C) lose 45% of their total heat production through 
respiratory evaporation, 12% by cutaneous evaporation, less than 
2% by nonevaporative means but store 41%.
11
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INTRODUCTION
While much attention has focused on thermoregulation of birds at 
rest (Dawson & Hudson, 1970; Freeman, 1971; Calder & King, 1974;
Whittow, 1976; Weathers, 1981), little research exists concerning their 
energetics and heat balance during strenuous activity, particularly 
running. Work in this area was initiated by Taylor, Dmiel, Fedak &
Schmidt-Nie1sen (1971) in an investigation which addressed the energetic 
cost of locomotion as well as heat balance during running in the rhea.
In addition and more recently, Fedak, Pinshow & Schmidt-Nielsen (1974) 
examined the energetic cost of transport in seven species of running 
birds (0.04 to 22 kg), Bamford & Maloiy (1980) the energy metabolism and 
heart rate during treadmill exercise in the Marabou stork, Brackenbury & 
Avery (1980) energy consumption in running domestic fowl and Nomoto & 
Rautenberg (1981) and Nomoto, Rautenberg & Iriki (1983), metabolic heat 
production during exercise in the pheasant and quail.
The only published study to date to deal with heat balance in a 
running bird was that conducted by Taylor et. al. (1971) . They found 
heat storage to occur in the running rhea at all air temperatures ebove
25"C but it was particularly pronounced at 43°C. At this higher tem­
perature as much as 75% of the total heat generated while running at 
10 km*h”^ is stored. This increase in body temperature may serve to 
maintain a positive temperature gradient between the body of the running
bird and the air, and thus favor nonevaporative heat loss from the bird
to the environment. In addition, heat storage may serve to conserve body 
water (when air temperature exceeds body temperature) because under these
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
conditions the only alternative to heat storage is heat dissipation by 
evaporative means (Whittow, 1976). This suggestion is supported by 
observation of Dawson (1954), that desert birds may become hyperthermic 
when dehydrated, or when water balance is compromised.
Heat dissipation by both evaporative (cutaneous or respiratory) 
and nonevaporative (radiation, conduction, convection) routes appears 
to play a significant role at lower environmental temperatures in running 
birds. Taylor et. al. (1971) have demonstrated in the rhea running at 
10 km'h“^ and at air temperatures of 25® and 35°C, that the fraction of 
heat lost through evaporative and nonevaporative routes is 75% and 45% 
respectively of the total heat generated.
Of the evaporative pathways, respiratory water loss appears to be 
the only significant means of evaporative heat dissipation in running 
rheas (Taylor et. , 1971). This may not appear surprising considering 
that birds do not possess sweat glands within their skin (Jenkinson & 
Blackburn, 1968). In contrast to this finding in running rheas. Smith 
(1969, 1972), Smith & Suthers (1969), and Bernstein (1971), demonstrated 
that in resting heat stressed pigeons and quail, not only is cutaneous 
water loss a viable mechanism of heat dissipation, but it may actually 
exceed respiratory water loss under certain conditions. This phenomena 
is explained by Smith (1969) who postulates that the thin vascular skin 
of birds and possibly a high rate of filtration of fluid from surface 
capillaries in avian skin may permit high rates of cutaneous water loss. 
In addition. Tucker (1968); Bernstein (1976); Hoyt, Hudson & Bernstein 
(1976); and Hudson & Bernstein (1981), found that data on total and 
respiratory evaporative heat loss can be used to estimate that cutaneous
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
water loss may form a significant portion of total evaporative heat loss 
and may account for up to 43% of the total heat produced during flight 
by birds at 21®C. The importance of cutaneous water loss as a means of 
heat dissipation in running birds remains unresolved.
Taylor et. al. {1971} also noted that at higher air temperatures 
(35° and 43°C), respiratory water loss does not appear to play a signifi­
cant role in the heat balance of the running rhea. In rheas running at 
10 km-h“^, approximately the same amount of heat is lost through respira­
tory water loss at 25°, 35°, and 43°C. Heat loss through this pathway 
ranges from 22% to 27% of the total heat produced. Undoubtedly, because 
heat storage is so important in the running rhea at high air temperatures, 
heat lost through evaporation is increasingly less important in heat 
balance.
The diminished importance of evaporative water loss to heat balance 
in the running rhea may simply be a result of its larger body mass.
Smaller running birds due to their correspondingly larger surface to 
volume ratio may be less likely to rely on heat storage and may instead 
rely on surface related means of heat dissipation (e.g., evaporative or 
nonevaporative). In light of this proposal, a study was conducted 
addressing the heat balance in the running helmeted guinea fowl 
(Numida meleagris). This species is native to Madagascar and Africa 
south of the Sahara (VanTyne & Berger, 1976), is a bird of relatively 
open savannas and possesses flight capabilities that are strong but 
short in duration. Instead of an arboreal lifestyle, the guinea fowl 
dwells terrestrially and thus relies on walking and running as its 
predominant mode of locomotion. The guinea fowl's size
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
(approximately 1-2 kg) places it somewhat intermediate in the spectrum 
of running birds with painted quail (Excalfactoria chinensis, approxi­
mately 0.042 kg), and the ostrich (Struthio camelus, approximately 
100 kg) at the extremes (Fedak e^. al., 1974). This investigation con­
tributes not only to the body of knowledge concerning the compartment- 
alization of heat loss of birds running at various temperatures and 
treadmill speeds, but also addresses the energetics of running in the 
guinea fowl. The results of this study will allow additional insight 
into the relationship between environmental heat load and the endogen­
ously produced heat generated during exercise as well as the comparative 
roles of cutaneous and respiratory evaporation at various air tempera­
tures and running speeds in a more moderately sized bird.
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MATERIALS AND METHODS 
Animals
Seven, one-year-old guinea fowl (Numida meleagris) were purchased 
from local game bird dealers. Upon procurement, the birds were 
examined, their mass determined, and they were housed individually in 
0.75 X 1.0 X 0.80 m metal cages with grated floors. Polished game bird 
seed, gravel, and water were provided ad libitum. As a group, the birds 
were maintained at an air temperature of 22 ± 2®C on a 12 h photoperiod 
for at least eight weeks prior to the experiments. The birds appeared 
healthy emd maintained their body mass throughout the study.
Treadmill design
The treadmill used in this investigation (Appendix I) consisted 
of a latex coated canvas belt (0.3 X 1.67 m) mounted on two 0.15 m 
pulleys. The belt was driven by a large commercial drill motor with 
variable speed control. Tread speed was determined by direct observa­
tion of tread rotation frequency with a running bird in place. The 
imprecision of tread speeds over the range of speeds used in this study 
did not exceed 0.02 m-s“ .̂ The systematic error of these measurements 
was assumed to be negligible. Imprecision and systematic error are 
used here as recommended by Eisenhart (1968).
Mounted around the tread was a 0.75 X 0.30 X 0.41 m clear plexiglas 
box that restricted the running bird to the appropriate area between the 
pulleys (0.60 m). In order to simulate air flow over the animal as it 
ran, a variable speed fan was mounted in front of the treadmill and air
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velocity was matched to tread speed. The fan was calibrated using a 
Taylor (Model 3132-A-4) anemometer and remained within ± 0.14 m-s ^
of the tread speed during the course of any experiment. This difference 
between air and tread speed is unlikely to result in a significant 
change in either the energetics or heat balance data (Fedak et. al., 
1974). The treadmill was within an insulated temperature controlled 
chamber (1.6 X 1.56 X 2.35 m). The air temperature within this chamber 
was monitored with a calibrated thermocouple, recorded on a 
potentiometric recorder (Honeywell Electronik 16) and kept within ±
1.5 C of the desired temperature. Humidity within the constant tem­
perature chamber was not controlled. However, relative humidity at the 
highest air temperature did not exceed 23%. The vapor pressure differ­
ence between the air and birds (resting and running at all temperatures) 
ranged from 6.841 to 8.418 k Pa. There were no noticable trends with 
increasing air temperature.
Training and exervice schedule
During the eight-week period prior to the experiments, each bird 
was trained to walk and then run on the treadmill at speeds ranging from 
0.42 to 1.11 m-s~^ and at an air temperature of 22*C for 20 minutes.
The metric equivalents of these speeds fall within the range of speeds 
that Fedak et. a^. (1974) ran guinea fowl on their treadmill. The 
training was accomplished through a daily systematic increase in both 
the duration and speed of each run. After adequate progress had been 
achieved, an exercise schedule was followed daily consisting of 10 
minutes of exercise at a randomly assigned speed (0.42, 0.69, or
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
1.11 m*s“ )̂ followed by 10 minutes of rest. Previous investigations 
(Brackenbury & Avery, 1980) and my own indicated that 10 minutes of 
exercise was adequate for birds similar in size to guinea fowl to develop 
a steady state rate of oxygen consumption eind 10 minutes of rest was 
sufficient to recover from the most severe exercise attempted. Only the 
four guinea fowl (2 males and 2 females) best able to maintain steady 
state running speeds over the desired range were used in these 
experiments. The mass of these four birds ranged from 1.036 to 1.430 kg 
(mean = 1.215 kg).
Experimental design
Oxygen consumption, carbon dioxide production, total body water 
loss, cutaneous emd respiratory water losses and colonic temperature, 
were simultaneously monitored while birds rested quietly on the treadmill 
and then while running. Measurements were made continuously for a rest 
period of 10 to 20 minutes prior to running, while running for 6 to 15 
minutes and again while resting for 20 to 30 minutes. The duration of 
the respective period was determined by the length of time necessary for 
the birds to achieve either a steady state or pre-running oxygen consump­
tion level for at least five minutes. Oxygen consumption data gathered 
during the post-running period were used to calculate the oxygen debt 
incurred during the run and were included in the calculations of the 
total heat produced throughout the run. These experiments were carried
out at various combinations of air temperature (25°, 35°, 45°C) and
-1running speed (0.42, 0.69, 1.11 mrs ).
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
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Oxygen consumption
Each bird wore a ventilated clear plastic mask through which 
expired gases were captured in am airstream pulled past their head at 
flow rates of 10 to 13 l*min“ .̂ These flow rates exceed the predicted 
respiratory minute volume of a bird the size of a guinea fowl by approxi­
mately 30 to 39 times (Lasiewski & Calder, 1971).
From the mask, the air was drawn through a dessicant column 
(Drierite) and a rotameter (Brooks) by a vacuum source (Appendix I).
Air flow through this system was maintained by a subatmospheric pressure 
regulator (Moore, Model 44-20). The rotameter was calibrated directly 
in the system, with a Brooks Vol-U-Meter (Model 1058-7A), and at 
pressures identical to those existing during the experiments. The 
imprecision of flow measurements did not exceed 0.011 1-min ^ , while 
the systematic error is not in excess of 0.03% of the maximum flow rate 
used. Between the rotameter and vacuum source an air sample was with­
drawn from the main airflow. This aliquot was directed either to a 
Beckman G-2 paramagnetic oxygen analyzer under positive pressure or to 
an Electrochemistry (Model S-3A) oxygen analyzer under subatmospheric 
pressure. Water vapor but not carbon dioxide was removed from the air 
passed through the paramagnetic analyzer. The paramagnetic oxygen 
analyzer was calibrated before each experiment by varying the gas 
pressure within its cell. The calibration was checked regularly with 
precision calibration gases whose composition was determined with a 
Scholander 0.5 cm^ Gas Analyzer (Scholander, 1947). The maximum impre­
cision of measurements of fractional concentrations of oxygen in sample
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
air obtained with either analyzer was 0.001 vol %. The systematic error 
of these measurements was assumed to be negligible. Oxygen consumption 
was calculated from steady state measurements of fractional concentra­
tions of oxygen in excurrent mask air (± 0.04 vol %) using equation 2 
of Tucker (1968). The error in calculating oxygen consumption due to 
CX>2 in the air passing through the O2 analyzer was negligible since the 
ratio of oxygen consumption to air flow leaving the mask (a) was 
0.001 (Withers, 1977).
Carbon dioxide production
Calculations of carbon dioxide production were obtained from frac­
tional concentrations of carbon dioxide in the inspired and expired air. 
Another portion of the main airflow that had passed through the rotameter 
was drawn by a small vacuum pump through an additional dessicant tube 
into a Beckman Model LB-2 carbon dioxide analyzer. The output of the 
COg analyzer was recorded manually. The CO2  analyzer was calibrated 
prior to each experiment by bleeding precision calibration gases of 
known concentration into the mask. The imprecision and systematic error 
of measurements of fractional concentrations of CO^ was assumed to be 
negligible. Carbon dioxide production was computed according to
the following formula:
F (1 - F ) - F (1 - F ) 
r ^C02 02 CD2 02 i
% 2 = ^ E  f--------- 1 - F ---'F   ^
02 C02
where V is the rate of airflow out of the mask, F and F, the 
® =C02 ^02
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fractional concentration of CO^ or respectively entering the mask
smd F_ and F„ the fractional concentration of CO- and 0_
®C02 ^02 ^ ^
respectively, leaving the mask. All gas volumes were corrected to
standard temperature and pressure.
Evaporative water loss
Total evaporative water loss was estimated by the change in body 
mass of the guinea fowl during rest or running. The mass of birds was 
determined with a triple-becim balance (Ohaus, Model 730) . The impreci­
sion of these measurements was 1 X 10~^ kg, while the systematic error 
was not greater than 8 X 10”^ kg. The cloaca of each guinea fowl was 
taped closed during the course of the experiment to retain the colonic 
thermocouple and to prevent voiding of cloacal contents.
Respiratory water loss was determined gravimetrically (Lasiewski, 
Acosta & Bernstein, 1966). During periods of steady state oxygen con­
sumption while at rest and running, mask air was directed through a pre­
weighed drierite column which was reweighed after 1 to 3 minutes 
(depending on flows rate). The dessicant column was weighed on a pre­
cision balance (Metier B-5). The imprecision of these weight measure­
ments was 3.07 X 10“® kg, while the systematic error was not greater 
than 2 X 10“® kg. Measurements of background water vapor content of the 
air were obtained prior to and under conditions that duplicated those 
during experiments. The effectiveness of this gravimetric method was 
determined by evaporating water into the mask at known rates. Recovery 
of this water ranged from 93% to 101%.
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
11
Colonie temperature
Colonie temperature was continually monitored with a copper- 
eonstantan thermocouple (wire diameter, 0.12 mm) inserted to a depth of 
approximately 5 cm into the colon of each guinea fowl. All thermo­
couples were calibrated against a National Bureau of Standards calibrated 
mercury thermometer. The systematic error of temperatures recorded in 
this study does not exceed 0.03°C. The imprecision of colonic and air 
temperature measurements was less than 0.09*C.
Estimation of heat balance
The heat balance of the guinea fowl may be expressed by the follow­
ing equation: Total Heat Production = Total Evaporative Heat Loss 
(respiratory water loss + cutaneous water loss) ± Nonevaporative Heat 
Loss (radiation, conduction, convection) ± Heat Storage.
Total heat production (H^) of resting and running guinea fowl was 
calculated from rates of oxygen consumption (VO2 ) and the caloric 
equivalent of oxygen (C^). The energy equivalent used 
(19.7 to 20.9 J*ml~^02STPD) was dependent on the measured respiratory 
exchange ratio (R) which varied between 0.7 and 1.0. Rate of total heat 
production in units of W'kg”^ was calculated as follows ;
H.■p = CqVO2 (0.28),
where the units of VOg are ml O^'g and 0.28 is a dimensional
constant.
Heat loss by respiratory evaporation (H^^) in units of W-kg"l was
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
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calculated from the rate of respiratory water loss (m^^) in
g HgO'min -g” body mass and the latent heat of vaporization of water1-1. -1
(X) at 30°C (2.43 J.g-lRgO) as follows:
Hre = mj,g(2.43) (16.7) .
The rate of cutaneous evaporative heat loss (H^^) can be estimated 
from the rate of loss of body mass (m^) if the change in mass due to 
respiratory water loss (m^^), oxygen consumption (ny^), and carbon 
dioxide output ) are known. The equation is as follows:
«ce " + ™ 0 2  “ ™C0 2  - ™re^ ^ *
Other sources of mass exchange were prevented by withholding food and 
water during the experiments and by sealing the cloaca.
The quantity of heat stored by the bird (H^) in joules is equal 
to the product of the change in mean colonic temperature in ( °C) ,
the body mass (m^) in kg and the mean specific heat of body tissue (C^) 
where = 3.474 X 10“  ̂J-kg“l.®C“l (Whittow, 1976), that is
«S = ^^c%(:t'
Nonevaporative heat loss (H^g) can be estimated from the equation 
Hne = Hp - Hj,g - - Hg. Heat loss by convection from the respiratory
tract was not measured in this study but is included in (Schmidt-
Nielsen, Hainsworth & Murrish, 1970).
Rates of heat storage (H^) and nonevaporative heat loss (H^^) were 
determined by dividing the quantity of heat stored (H^) and the total 
nonevaporative heat loss (H^^) by the duration of the rest or running
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
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period and converting to W*kg~^.
Statistical analyses
The oxygen consumption and heat balance data for resting guinea 
fowl were analyzed with fixed factor one-way analyses of variance (Nie, 
Hull, Jenkins, Steinbrenner & Bent, 1975). The comparable data for 
running guinea fowl were analyzed as fixed factor two-way analyses of 
variance with unequal cell frequencies. The sums of squares of main 
effects in the factorial analyses were partitioned in a hierarchical 
manner (Nie et. al., 1975). Proportional data were transfored before 
being analyzed (Sokal & Rohlf, 1981).
A P < 0.05 was considered significant in all statistical tests.
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RESULTS 
Resting gas exchange
The observed resting rates of oxygen consumption (VOg) of guinea 
fowl prior to running, increases with increasing air temperature above 
25°C. The mean rates (± S.E.) at air temperatures of 25®, 35°, and 
45°C are 0.66 ± 0.02, 0.67 ± 0.03, and 0.78 ± 0.04 ml 02*g”^*h"^, 
respectively. This relationship between resting VO2 and air temperature 
is statistically significant (P = 0.01) (Appendix II).
The mean respiratory exchange ratio (R) of resting guinea fowl 
at all temperatures was 0.96.
Running energetics
Oxygen consumption relative to running speed and air temperature
Oxygen consumption of running guinea fowl increases linearly with 
increasing running speed but does not show a similar trend with air 
temperature. The mean rates (± S.E.) of VO2 at running speeds of 0.42, 
0.69, and 1.11 m-s“^ are, respectively, 1.34 ± 0.04, 1.76 ± 0.06, and 
2.44 ± 0.09 ml 02*g”^*h”^. The relationship between VO^ and running 
speed is statistically significant (P < 0.001) (Appendix II). The R of 
guinea fowl running at all air temperatures and speeds ranges from 
0.95 to unity.
Oxygen consumption rates of resting guinea fowl predicted from 
the linear equations relating VO2 to running speed (intercepts) are 
0.77, 0.67, and 0.53 ml O^-g'^'h"! at air temperatures of 25“, 35“, and 
45°C, respectively (Table 1). These extrapolated VO2 values differ
14
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Table 1. Slopes and intercepts of regression equations (Y = ^  + bX) 
relating oxygen consumption (ml ^  speed (km»h running
guinea fowl at various air temperatures
Air
temperature a b % b' S y . x
25 0.77 0.41 0.06 8.79 1.10 0.20
35 0.67 0.40 0.02 8,30 0.00 0.06
45 0.53 0.53 0.09 10.75 1.50 0.26
Combined 0.67 0.44 0.01 9.15 0.01 0.05
b is in units of ml Og (g-km)
b' is in units of J (kg*m) -1.
Sĵ  and Sjj’ are standard errors of respective slopes;
Sy ^ is the standard error of the estimate
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
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from the above measured resting rates of oxygen consumption at the same 
temperatures.
Cost of transport
The slopes of the regression lines relating VO 2 to running speed 
(Table 1) or incremental costs of transport (Taylor, 1977) at 25°, 35°, 
and 45°C are respectively, 0.41, 0.40, and 0.53 ml Og-g'^'km'^. Since 
VO 2 of running guinea fowl is statistically independent of air tempera­
ture, the cost of transport over all temperatures is 
0.44 ml 02*g
Temperature regulation
Resting guinea fowl maintain a mean (± S.E.) colonic temperature 
of 43.2 + 0.4 at an air temperature of 25°C, 43.4 ± 0.2 at 35°C, and
43.8 ± 0.6 at 45°C (Fig. 1). Colonic temperatures of running guinea 
fowl exceed those at rest and increase with increasing speed and 
temperature (Fig. 1). For example, mean T^ of guinea fowl running at 
25°C and at a speed of 0.42 m*s~^ is 43.3°C, but increases to 45.5°C 
while running at 1.11 m's“^ and at 45°C. The effects of both air 
temperature and running speed on T^ are statistically significant at 
the 99% probability level (Appendix II). The highest colonic tempera­
ture was 45.6°C.
Heat balance in resting guinea fowl
The total heat production (H^) of resting guinea fowl is signifi­
cantly affected (P = 0.03) by air temperature (Appendix II). At air
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
Figure 1. Mean colonie temperatures of guinea fowl resting and 
running at three air temperatures. Vertical bars represent one 
standard error of the mean.
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temperatures of 25°, 35°, and 45°C mean rates of total heat production 
are 3-80, 3.91, and 4.41 W*kg“^, respectively (Fig. 2). Total evapora­
tive heat loss increases from 1.41 W*kg~^ or 37% of Hp at 25°C to 
4.06 W-kg“^ or 92% of at 45°C (Table 2). Concurrently, nonevapora- 
tive heat loss decreases with increasing air temperature from 
2.41 W'kg ^ or 63% of Hp to 0.20 W*kg”^ or 4% of Hp at 45°C. The 
respiratory component of the total evaporative heat loss increases 
progressively from 0.56 W*kg“^ or 15% of Hp at 25°C to 2.99 W*kg”^ or 
68% of Hp at 45°C. On the other hand, the cutaneous component of the 
total evaporative heat loss is 0.86 W*kg”^ or 23% of Hp at 25°C, 
increases to 1.95 W*kg”^ or 50% of H^ at 35°C, and then decreases to
1.08 W-kg~^ or 24% of at 45°C. Respiratory, cutaneous, and non- 
evaporative heat losses vary significantly with air temperature 
(P < 0.01). Heat storage of resting guinea fowl does not vary signifi- 
camtly with air temperature (P = 0.21) amd does not exceed 0.13 W*kg~^ 
or 3% of Hp, even at 45°C.
Heat balance in running guinea fowl
All components of the heat budget of guinea fowl running at 
various speeds and air temperatures are presented in Figure 3.
Total heat production is highly dependent on running speed 
(P < 0.001), but independent of air temperature (P = 0.14) (Appendix II) 
At running speeds of 0.42, 0.69, and 1.11 m-s"^ and 25°C, mean rates of 
heat production in these birds are 7.73, 10.82, and 13.90 W*kg“ ,̂ 
respectively. At 35°C, the mean rates are 7.39, 9.62, and 13.11 W*kg“^ 
while at 45°C they are 8.18, 10.12, and 15.47 W-kg"^, respectively.
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Figure 2. Heat balance of resting guinea fowl at three air temperatures. 
The symbols represent the following; triangles, mean heat storage; 
squares, respiratory evaporation plus heat storage; circles, 
respiratory evaporation plus heat storage plus cutaneous evaporation; 
diamonds, total heat production. Vertical bars represent one standard 
error of the mean. Areas under and between lines represent relative 
fractions of the total heat production.
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Table 2. Percentage (mean ± ^.E.) of total heat production of resting and running guinea fowl lost 
through various avenues
25*C 35*C 45*C
Speed/m*s ^ Speed/m*s  ̂ Speed/m*s ^
Heat storage -0.5 0.2 9.6 12.2 -8.3 2.0 9.6 26.7 2.8 19.4 44.6 58.7
±1.9 ±2.3 ±7.4 ±5.3 ±3.5 ±2.0 ±3.7 ±3.5 ±8.5 ±10.4 ±5.3 ±3.0
CO
CO
CDQ.
"O
CD
2Q.
Cg"G
Rest 0.42 0.69 1.11 Rest 0.42 0.69 1.11 Rest 0.42 0.69 1.11 o
Q.  2
qS
Respiratory 14.8 13.5 10.8 8.7 42.8 35.5 23.5 23.1 68.6 58.4 44.1 33.6 t
evaporation ±2.0 ±5.4 ±1.0 ±2.4 ±4.2 ±2.4 ±4.3 ±2.1 ±5.4 ±2.5 ±9.7 ±1.1 u-
0C
Cutaneous 23,2 25.2 50.4 31.8 48.7 26.7 48.5 41.5 23.2 21.2 9.5 6.4 2
evaporation ±3.1 ±5.6 ±8.3 ±14.7 ±5.5 ±10.8 ±12.8 ±9.2 ±7.9 ±10.4 ±5.5 ±2.1 g
8
Nonevaporative 62.4 64.1 29.2 47.1 16.9 36.9 18.4 16.9 4.9 0.9 1.7 1.2 I
±3.8 ±6.7 ±8.2 ±17.8 ±4.3 ±12.8 ±15.0 ±9.2 ±2.4 ±0.2 ±0.5 ±0.2 °
in
CDQ.
T3
83"O2Q.
CDQ1
Figure 3. Heat balance of guinea fowl running at three speeds 
(0.42, 0.69 and 1.11 and air temperatures. Symbols and
shading are the same as those in Fig. 2.
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Thus, at all air temperatures (25®, 35®, and 45°C), increases in total
heat production accompany increases in running speed.
Unlike total heat production, heat loss through respiratory
evaporation varies significantly with air temperature (P < 0.001), but
not running speed (P = 0.18) (Fig. 3). For example, at a running speed
of 0.42 m's'l respiratory heat loss (H^g) increases from 1.04 W-kg“^
or 13% of Hp at 25®C, to 4.75 W'kg" or 58% of Hp at 45®C. However,
at the same air temperature (25®C), H^^ only decreases from 13% of 9%
of Hp as running speeds increase from 0.42 to 1.11 m*s“^ (Table 2).
Cutaneous evaporative heat loss (H^^) in exercising guinea fowl
(Fig. 3) varies significantly with air temperature (P = 0.013), but not
with running speed (P = 0.06). At the lowest air temperature H^^ is a
relatively important avenue of heat dissipation, ranging from
1.94 W-kg”^ or 25% of H„ at 0.42 m-s'^, to 5.47 W*kg~^ or 50% of HP p
at the intermediate running speed (0.69 m*s“^). However, at the high­
est air temperature (45®C), H^^ is less important as an avenue of heat 
dissipation, ranging from 1.51 W-kg”  ̂or 21% of Hp at a speed of 
0.42 m*s~^ to 1.02 W*kg“  ̂or 6.4% of Hp at a running speed of 
1.11 m-s-1.
Similar to respiratory and cutaneous evaporative heat loss, non­
evaporative heat loss (H^g) varies significantly with air temperature 
(P < 0.001) but not with level of exercise (P = 0.40). Nonevaporative 
heat loss decreases as air temperature increases at each of the running 
speeds (Fig. 3). At a running speed of 0.42 m-s"^, H^^ decreases from
4.98 W.kg'l or 64% of H at 25®C to 0.08 W-kg"^ or less than 1% of Hp P
at 45*C. Likewise, at the fastest running speed, H^g decreases from
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6.73 W'kg'l or 47% of at 25°C to 0.19 W-kg ^ or 1.2% of Hp at 45°C.
The remaining component of heat exchange, heat storage, varies 
significantly with running speed (P < 0.001) and air temperature 
(P < 0.001). As air temperature or running speed increases, the rate 
of heat storate (H^) also increases. Thus, at faster running speeds 
and higher air temperatures, the guinea fowl tends to store more heat 
rather than dissipate it through either evaporative or nonevaporative 
routes. As is apparent in Figure 3, at 25°C increases from
0.02 W ‘kg”^ or 0.3% of at a running speed of 0.42 m*s~^ to 
1.61 W*kg“^ or 12% of Hp at 1.11 m-s~^. Similarly, at 45°C, Hg 
increases from 1.74 W-kg or 19% of H^ at the lowest running speed 
to 9.06 W*kg~^ or 59% of H^ at the highest running speed.
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DISCUSSION
As is commonly observed in other cursorial vertebrates, both 
bipedal and quadrapedal, oxygen consumption of guinea fowl increases 
linearly with running speed (Table 1). A linear increase in VO2  is also 
found in snakes using lateral undulatory motion (Chodrow & Taylor,
1973) as well as in brachiating spider monkeys and lorises (Taylor,
1977). This widespread relationship, however, does not extend to 
walking in man (Margaria, Cerretelli, Aghemo & Sassi, 1963) or to 
hopping in kangaroos (Dawson & Taylor, 1973).
The incremental cost of transport is the slope of the re­
gression line relating weight specific oxygen consumption and running 
speed. This quantity is suitable for comparing the relative costs of 
locomotion of animals with differing morphology, geometry, size, and 
speed. If log T^^^ is plotted against log body mass (W), the relation-
0 98ship T^y^ = 3.89W“ * results. This may be used as a general predictive 
equation for the incremental cost of transport in all cursorial verte­
brates (Fedak & Seeherman, 1979). From this allometric equation where 
Trun is in units of ml 0 2 *g~^*km“i and body mass is in grams, the cost 
of transport of a 1.2 kg guinea fowl is approximately 0.53 ml 
02*g“i*km“i. This predicted value exceeds the observed cost of trans­
port of the guinea fowl running at all air temperatures. Fedak al.
(1974) report a T^^^ of 0.47 ml O^-g'^'km"! for the guinea fowl 
running at 25°C, which compares well with that obtained in this study 
(0.41), at the same air temperature. The difference between these 
costs of transport values falls within the standard error of these 
slopes.
24
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When resting quietly at 25°C, the oxygen consumption rate of 
guinea fowl (0.66 ml 0 2 *g“^*h“ )̂ falls within the range of VO2  values 
predicted for a 1.2 kg non-passerine bird from the appropriate equations 
of Lasiewski & Dawson (1967) (0.62 ml 02-g“^.h“ )̂ and that of Aschoff &
Pohl (1970) (0-72 ml 02*g“^*h”^). However, "resting" metabolic rates
at zero running speed predicted from the regression equations relating 
VO 2 to running speed exceed the observed resting metabolic rates at 
25°C by a factor of approximately 1.2 (Table 1). Taylor (1977) 
suggests that these differences between the intercepts and the observed 
resting metabolic rates are constants (1.7 for quadrupeds and 1.5 for 
bipeds) and may be attributed to the cost of maintaining posture 
during locomotion.
The mean steady-state energy expenditure of guinea fowl running 
at 1.11 m*s ^ and 25°C is approximately 3.6 times their resting rate. 
This increase in VO2 compares well with the value of 3.2 reported by 
Fedak et. al. (1974) for this species at the same speed and air tempera­
ture. The mean maximal steady-state energy expenditure of guinea fowl 
was only 4.1 times the minimal resting rate. Although the guinea fowl 
is capable of running at speeds greater than 1.11 m*s~^ at 25® and 
35®C, they were unable to maintain steady state VO2 at these extended 
speeds for the required time at an air temperature of 45°C. Thus, it 
seems improbable that the energy expenditure of guinea fowl running at 
1.11 m*s“^ represents their maximal steady state energy expenditure
(VO2 ).^max
Total heat production of guinea fowl at rest depends on air 
temperature, however, during exercise, total heat production increases
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with increasing running speed, but remains independent of air 
temperature (Figs. 2, 3). This latter observation indicates that 
exogenous heat sources have little effect on the temperature regulation 
of the exercising guinea fowl in these experiments. Rather, it is the 
endogenous heat production that must be dealt with effectively such 
that body temperatures remain within tolerable limits. This independence 
of total heat production from air temperature has also been noted in 
other running birds (Rhea and quail) by Taylor et. (1971) and
Nomoto et. al. (1983), respectively. In contrast, Brackenbury, Avery 
& Gleeson (1981) reported a 20% increase in total heat production in 
exercising domestic fowl when air temperature was increased from 20 
to 32°C.
Heat loss through respiratory evaporation (W*kg“^ or as a 
fraction of Hp) increases with increasing air temperature in both 
running and resting birds, and may be attributable to gular fluttering 
and panting when the birds are heat stressed (Fig. 3). Fluttering 
occurs in the guinea fowl at higher air temperatures even when the 
birds are at rest. However, because the rate of respiratory evapora­
tive heat loss remains constant with increasing running speeds at emy 
one temperature while the rate of total heat production increases with 
running speed, the fraction of Hp dissipated by respiratory evapora­
tion in fact declines with increasing running speed (Table 2, Fig. 3). 
Thus, although heat loss through respiratory evaporation can be quite 
important at higher air temperatures (45®C), its role in heat balance 
in the exercising guinea fowl appears to be most significant at lower 
running speeds or at rest.
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For example, when resting or running at 0.42 m*s“^ and at 45°C, 
the guinea fowl dissipates 58% to 69% of its total heat production by 
respiratory water loss, but while running at 1.11 m*s~^ at the same air 
temperature, this fraction drops to about 33%. These same relation­
ships are also apparent in the running rhea from data reported by 
Taylor et. al. (1971). Although both species show similar trends in 
the relationships between and air temperatures, running guinea
fowl lose a larger fraction of heat by evaporative water loss than the 
rhea at high air temperatures and speeds.
Another route of heat dissipation, cutaneous evaporative heat 
loss, appears to be most important at low and intermediate air tempera­
tures and less important at high air temperatures in both resting and 
running birds. When air temperatures increase to 45°C, the fraction 
of total heat production lost by way of cutaneous water evaporation 
decreases, especially at high running speeds. It is not clear why 
cutaneous evaporative water loss should decline at higher air tempera­
tures and running speeds in view of the vapor pressure differences 
maintained throughout the study. Interestingly, Taylor et. al. (1971) 
observed that cutaneous evaporative heat loss in the running rhea is 
of such small magnitude that they chose to disregard it in compiling 
their heat balance data. In contrast, Hoyt, Hudson & Bernstein (1976) 
report that whitenecked ravens flying at 10 m*s”^ (21®C) may dissipate 
43% of their total heat production or nine times their respiratory 
evaporative fraction by cutaneous evaporative heat loss. These 
relatively high rates of evaporative heat loss in the running guinea 
fowl, and flying raven (birds with larger surface area to volume ratios
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than the rhea) may demonstrate the importance of surface area to 
volume relationships in heat loss strategies.
Another means of dealing with endogenous heat production is to 
store it and allow the body temperature to rise. When at rest, the 
guinea fowl maintains its body temperature between 43.2° and 43.8°C, 
over a range of air temperatures of 25° to 45°C, and thus heat 
storage never exceeds 3% of the total heat production. However, while 
running, body temperature excursions of as much as 2°C were recorded, 
especially at higher running speeds and air temperatures. Consequently, 
heat storage increases with increasing running speed at all air 
temperatures. Heat storage is maximal at an air temperature of 45°C 
emd the fastest running speed, where it accounts for approximately 60% 
of the total heat production. This increased dependence on heat 
storage at higher air temperatures and running speeds is concommitant 
with the decreased reliance on evaporative means of heat dissipation 
(Fig. 3). Both Taylor et. al. (1971) and Mahoney (personal communica­
tion) have reported similar results for the rhea and the black vulture. 
Rheas running at 10 km*h”^ and 43°C store 75% of their total heat pro­
duction (Taylor et- ad., 1971). Mahoney reports that heat storage 
reaches 50% of the metabolic heat production in black vultures running 
at 6 km-h“ .̂ Thus, heat storage as a strategy for dealing with 
metabolically produced heat appears common to the running avian species 
investigated to date.
Heat storage is not only a means of dealing with endogenously 
produced heat, but aids in maintaining a thermal gradient between the 
bird and its environment which promotes heat loss. If this gradient
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is not conserved (e.g., when air temperature rises above body 
temperature) then the heat load on the running bird from its metabolism 
is exacerbated by exogenous heat. This gradient promotes heat loss by 
radiation, conduction, and convection and is collectively termed 
nonevaporative.
Nonevaporative heat loss is predominant at lower air temperature 
(25*0 where the temperature gradients are the greatest (Fig. 3).
For example, in the guinea fowl at rest and while running at 0.42 m«s  ̂
and at 25“C, nonevaporative heat loss in the guinea fowl is 62% emd 64% 
of the total heat production. At high air temperatures (45*0, non­
evaporative heat loss is negligible and barely exceeds 1% and 2% of the 
total heat production in the resting or running bird.
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SUMMARY
1. Resting gas exchange was measured for four guinea fowl prior to
running at air temperatures of 25, 35, and 45*C. Oxygen consumption 
increased with increasing air temperature from 0.66 ml O^-g'^-h"! at 
25*C to 0.78 ml O^-g'^'h"! at 45®C. The mean resting respiratory 
exchange ratio was 0.96.
2. Gas exchange of four guinea fowl was measured while they ran at 
air temperatures of 25, 35, and 45*C and at treadmill speeds of 0.42, 
0.69, and 1.11 m*s~^. Oxygen consumption was observed to increase 
linearly with running speed but was independent of air temperature.
Mean rates of oxygen consumption increased from 1.34 ml O^-g'^'h'^ at
0.42 m*s“^ to 2.44 ml 02*g~^*h”^ at 1.11 m*s~^. The respiratory
exchange ratio of guinea fowl running at all air temperatures and speeds 
ranged from 0.95 to unity.
3. The slope of the regression line relating oxygen consumption to 
running speed (incremental cost of transport) for the four running 
guinea fowl was 0.44 ml Og-gT^-km'l.
4. Mean colonic temperature of resting guinea fowl increased with 
increasing air temperature from 43.2°C at 25°C to 43.8°C at 45"C.
Mean colonic temperatures of running guinea fowl exceed those at rest 
and increased with both level of exercise and air temperature from
43.3°C at 25°C and 0.42 m-s"^ to 45.5°C at 45°C and 1.11 m-s"^. The
highest colonic temperature recorded was 45.6*C.
5. In resting guinea fowl total heat production (Hp) increased with 
increasing air temperature. Total evaporative heat loss also increased
30
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with increasing air temperature from 1.41 W*kg“^ or 37% of at 25®C
to 4.06 W*kg ^ or 92% of at 45°C. Nonevaporative heat loss decreased 
with increasing air temperature from 2.41 W-kg~^ or 63% of to
0.20 W'kg ^ or 4% of at 45°C. The respiratory component of total 
evaporative heat loss increased from 0.56 W-kg“^ or 15% of Hp at 25“C 
to 2.99 W'kg”^ or 68% of Hp at 45®C while the cutaneous component 
increased from 0.86 W-kg“^ or 23% of Hp at 25°C to 1.95 W*kg”^ or 50% 
of Hp at 35®C and then decreased to 1.08 W-kg" or 24% of at 45®C. 
Heat storage does not vary significantly with air temperature and does 
not exceed 0.13 W*kg“^ or 3% of H^ even at 45®C.
6. In running guinea fowl, total heat production increased with
increasing running speed but was independent of air temperature. 
Conversely, the respiratory and cutaneous components of evaporative heat 
loss and nonevaporative heat loss varied significantly with air tempera­
ture but were independent of running speed. Heat storage increased 
with both running speed and air temperature. At 25®C running guinea 
fowl lost 47% of their total heat production through nonevaporative 
avenues, 36% through cutaneous evaporation and 11% through respiratory 
evaporation. The remainder was stored. At 45°C these fractions changed 
as follows ; 45% of the total heat production was lost through
respiratory evaporation, 12% through cutaneous evaporation, and less 
than 2% through nonevaporative avenues. Heat storage increased under 
these conditions to 41% of the total heat production.
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Table A: Oxygen Consumption (ml02*g~^*h“ )̂ - Rest
25 °C 35 “C 45*C
042m* s“l
1 0.564 0.622
2 0.693 0.604 0.743
5 0.693 0.651 0.870
6 0.702 0.640 0.660
x” (0.663*0.033) (0.629*0.010) (0.758*0.061)
0.69m*s“^
1 0.665 0.653
2 0.671 0.863 0.711
5 0.692 0.604 0.963
6 0.619 0.777 0.881
K (0.662*0.015) (0.724*0.059) (0.852*0.074)
1.11m*
1 0.715 0.562 _
2 0.493 0.753 0.733
5 0.761 0.711 0.738
6 0.679 0.595 0.678
3Ï (0.662±0.059) (0.65510.046) (0. 71610.019)
Column X
0.662*0.021 0.670*0.026 0. 77510.035
Analysis of Variance
Source of variation df MS F P
Between groups 2 0.0393 5.098! 0.0124
Within groups 30 0.0077
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Table B: Oxygen Consumption (ml02*g“^*h“ )̂ - Running
36
25*C 35*C 45°C Row X
0.42m*s“^
1 1.17 1.25 _
2 1.34 1.25 1.55
5 1.45 1.44 1.52
6 1.40 1.22 1.15
X (1.340±0. 061) (1.290±0.050) (1.407+0.129) 1.340±0.042
0.69m*s”^
1 1.80 1.60
2 1.88 1.77 1.53
5 2.01 1.56 2.12
6 1.84 1.68 1.58
X (1.882±0. 046) (1.652±0.046) (1.743±0.189) 1.761+0.058
1.11m* s“^
1 2.43 1.97
2 2.00 2.11 2.66
5 2.77 2.58 2.89
6 2.36 2.50 2.60
X (2.390+0. 158) (2,290±0.148) (2.717±0.088) 2.443±0.092
Column X
1.871+0. 140 1.744±0.134 1.956±0.209
Analysis of Variance
Source of variation df MS F P. . .
Main effects 4 1.763 40.372 <0.001
Speed 2 3.406 77.999 < 0.001
Temperature 2 0.120 2.745 0.084
Interaction 4 0.055 1.261 0.313
Residual 24 0.044
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Table C: Total Heat Production (W-Kg~^) - Rest
25°C 35°C 45°C
0.42m.s"l
1 3-024
2 4.071
5 4.071
6 4.071
3.605
3.489
3.838
3.722
4.303
5.001
3.838
X (3.809±0.261) (3.663±0.075) (4.381±0.338)
0.69m* s“^
1 3.605
2 3.489
5 4.071
6 4.071
3.838
5.001
3.489
4.536
4.187
5.117
5.117
X (3.809+0.153) (4.216+0.340) (4.80710.310)
1.11m* s“^
1 3.838
2 2.907
5 4.071
6 4.303
3.256
4.419
4.187
3.489
3.838
4.303
3.954
X (3.780+0.306) (3.838+0.277) (4.032±0.140)
Column X
3.799±0.130 3.90610.151 4.40610.178
Analysis of Variance
Source of variation df MS F p
Between groups 2 1.0387 4.140 0.0258
Within groups 30 0.2509
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Table D : Respiratory Heat Loss (W*Kg - Rest
25°C 35°C 45°C
0.42m*s"l
1 0.480 0.951
2 0.591 1.200 3.769
5 0.437 2.184 2.951
6 0.602 1.600 1.978
X (0.528±0.041) (1.48410.269) (2.89910.518)
0.69m-s“l
1 0.876 2.064
2 1.005 1.350 3.094
5 0.448 2.027 2.292
6 0.208 1.506 3.459
X (0.63410.185) (1.73710.181) (2.94810.344)
l.llm-s'l
1 0.864 0.671 _
2 0.294 2.267 3.205
5 0.355 1.821 2,577
6 0.481 2.285 3.555
X (0.49910.128) (1.76110.379) (3.11310.286)
Column X
0.55310.71 1.66110.155 2.98710.200
Analysis of Variance
Source of variation df MS F p
Between groups 2 15.2401 67.958 <0.001
Within groups 30 0.2243
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Table E; Respiratory Heat Loss (% of Total Heat 
Production) - Rest
25°C 35*C 45°C
0.42m-s-1
1 15.885 26.387
2 14.514 34.400 87.595
5 10.743 56.909 59.000
6 14.800 43.000 51.545
X (13.985±1.120) (40.17416.529) (66.047110.987)
0.69m* s~^
1 24.290 53.788
2 28.800 27.000 73.889
5 11.000 58.100 44.795
6 5.114 33.205 67.591
X (17.30115.547) (43.02317.618) (62.09318.837)
1.11m*s~^
1 22.515 20.607
2 10.120 51.289 83.515
5 8.714 43.500 59.892
6 11.189 65.500 89.912
X (13.13513.168) (45.22419.385) (77.77319.128)
Column X
14.80712.029 42.80714.189 68.63715.390
Analysis of Variance
Source of variation df MS
Between groups 2 3124.103 45.714 <0.001
Within groups 30 68.340
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Table F: Cutaneous Heat Loss (W*Kg“ )̂ - Rest
25 °C 35°C 45 °C
0.42m-s“^
1 0.977 1.442
2 0.632 0.789 2.109
5 0.985 1.915 0.176
6 0.765 0.971 0.768
X (0.870+0.086) (1.279±0.253) (1.017±0.572)
0.69m*s”^
1 0.019 1.984
2 1,047 4.136 0.465
5 0.806 2.477 3.674
6 0.868 2.299 1.704
X (0.685+0.228) (2.724+0.481) (1.948±0.934)
-1l.llm-s
1 1.121 1.279
2 1.300 1.825 0.507
5 0.871 3.119 0.121
6 0.878 1.197 0.174
X (1.043±0.104) (1.855±0.444) (0.267±0.121)
Column X
0.856±0.091 1. 953+0.277 1.07710.400
Analysis of: Variance
Source of variation df MS F p
Between groups 2 3.9603 5.216 0.0114
Within groups 30 0.7593
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Table G: Cutaneous Heat Loss (% of Total Heat
Production) - Rest
25*C 35*C 45°C
0-42m*s”^
1 32.308
2 15.514
5 24.200
6 18.800
40.000 
22.600 
49.909 
26.094
49.000 
3.512
20.000
X (22.70513.667) (34 .65116.324) (24.171113.296)
069m* s~^
1 0.516
2 30.000
5 19.800
6 21.314
51.697
82.698 
71.000 
50.692
11.111
71.795
33.295
X (17.908+6.217) (64 .02217.784) (38.734117.728)
l.llm*s ^
1 29.212
2 44.720
5 21.400
6 20.405
39.286
41.289
74.500
34.300
13.212
2.811
4.412
X (28.934+5.618) (47.34419.171) ( 6.81213.233)
Column X
23.18213.076 48 .67215.472 23.23917.942
Analysis of Variance
Source of variation df MS F p
Between groups 2 1125.714 7.449 0.002
Within groups 30 151.122
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Table H: Nonevaporative Heat Loss (W-Kg” )̂ - Rest
25*C 35*C 45=C
0.42m's~^
1 1.567 1.212
2 2.849 1.382 0.288
5 2.687 0.372 0
6 2.703 1.154 0.894
X (2.451±0.297) (1.030*0.224) (0.394*0.264)
0.69m'S"l
1 2.711 0.261
2 1.437 0.526 0.026
5 3.359 0.227 0.164
6 2.996 0.730 0.005
X" (2.62610.418) (0.436*0.119) (0.065*0.050)
l.llm-s"!
1 1.854 1.306 —
2 1.314 0.327 0.127
5 2.833 0.034 0.038
6 2.561 0.007 0.226
X (2.141±0.344) (0.418*0.305) (0.130*0.054)
Column X
2.406*0.196 0.628*0.147 0.196*0.094
Analysis of Variance
Source of variation df MS F p
Between groups 2 15.1890 53.314 <0.001
Within groups 30 0.2849
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Table I : Nonevaporative 
Production) - Rest
Heat Loss (% of Total Heat
25°C 35»C 45°C
0.42m*s“^
1 51.808 33.613
2 70.000 39.500 6.703
5 66,000 9.697 0
6 66.400 31.000 23.303
X (65.552±4.017) (28.477±6.514) (10.00216.926)
0.69m* s“^
1 75.194 6.788 __
2 41.200 10.512 0.611
5 82.514 6.500 3.205
6 73.600 16.103 0.091
X (68.127+9.183) ( 9.97612.237) ( 1.80210.963)
l.llm*s“^
1 48.303 40.107 _
2 45.200 7.395 3.303
5 69.600 0.806 0.892
6 59.514 0.200 5.706
X (55.654±5.573) (12.12719.468) ( 3.30011.380)
Column X
62.444±3.791 16.86014.320 4.86812.443
Analysis of Variance
Source of variation df MS F p
Between groups 2 5225.351 51.590 <0.001
Within groups 30 101.286
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Table J : Heat Storage (W*Kg - Rest
25*C 35°C 45°C
0.42m*
1 0 0
2 0 0.119 -1.868
5 0 -0.634 1.905
6 0 0 0
X ( 0±0 ) (-0.12910.171) ( 0.012+1.089)
0.69m*s“^
1 0 -0.472
2 0 -1.005 0.602
5 -0.537 -1.242 -1.019
6 0 0 0
X (--0.134±0.134) (-0.680±0.27B) (-0.139±0.473)
—11.llm*s
1 0 0
2 0 0 0
5 0 -0.791 1.567
6 0.331 0 0
X ( 0.083±0.083) (-0.198±0.198) ( 0.522±0.522)
Column X
-0.017 ±0.055 -0.335±0.137 0.132±0.388
Analysis of Variance
Source of variation df MS F p
Between groups 2 0.6148 1. 349 0.2749
Within groups 30 0.4559
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Table K: 
Rest
Heat Storage (% of Total Heat Production) -
25*C 35°C 45® C
0.42m*s~^
1 0 0
2 0 3.400 -43.405
5 0 -16.515 38.093
6 0 0 0
X ( 0 0 ) (-3.279 4.484) (-1.771 23.543)
0.69m* s“^
1 0 -12.303
2 0 -20.093 14.389
5 -13.200 —35.600 -19.909
6 0 0 0
X (--3.300 3.300) (-16.999 7.453) (-1.840 9.944)
l.llm*s”^
1 0 0
2 0 0 0
5 0 -18.889 36.405
6 7.703 0 0
X ( 1.926 1.926) (-4.722 4.722) (12.135 12.135)
Column X
-0.458 1.323 -8.333 3.514 2.841 8.491
Analysis of Variance
Source of variation df MS F p
Between groups 2 533.566 1. 798 0.193
Within groups 30 296.809
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Tcible L: Total Heat Production (W*Kg~^) - Running
46
25*C 35°C 45°C Row X
0.42m* s“^
1 6.629 6.745
2 7.792 7.327 9.071
5 8.374 8.374 8.839
6 8.141 7.094 6.629
X ( 7.734+0. 387) ( 7.38510.351) ( 8.18010.778) 7.72910.270
0.69m*s“^
1 9.769 9.304
2 10.234 10.351 8.839
5 11.746 9.071 12.328
6 11.514 9.769 9.188
X (10.816+0. 482) ( 9.62410.282) (10.11811.109) 10.19210.357
1 13.607 10.583
2 11.281 12.328 14.421
5 15.352 15.003 16.864
6 15.352 14.538 15.119
X (13.89810. 964) (13.11311.025) (15.46810.726) 14.04110.577
Column X
10.816+0. 834 10.04110.787 11.25511.177
Analysis of Variance
Source of variation df MS F P
Main effects 4 57.681 30.780 <0.001
Speed 2 111.319 59.403 <0.001
Temperature 2 4.042 2.157 0.138
Interaction 4 1.375 0.734 0.578
Residual 24 1.874
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Table M : Respiratory Heat Loss (W*Kg"^) - Running
41
25*C 35=C 45°C Row X
0.42m* s“^
1 0.729 2.139
2 2.291 3.011 4.844
5 0.654 2.528 5.401
6 0.472 2.490 4.017
X (1.037+0.422) (2.542+0.179) (4.75410.402) 2.59810.497
0.69m* s“^
1 0.840 1.563
2 1.085 3.405 4.959
5 1.234 2.595 3.069
6 1.543 1.543 4.723
X (1.17610.147) (2.27710.449) (4.25010.595) 2.414+0.438
1.11m*s“^
1 1.456 3.027 —
2 0.384 2.761 4.658
5 0.983 2.746 5.531
6 2.164 3.359 5.413
X (1.247*0.376) (2.97310.144) (5.20110.274) 2.95310.515
Colirain X
1.153*0.178 2.597*0.175 4.735*0.261
Analysis of Variance
Source of variation df MS F P
Main effects 4 16.925 38.003 <0.001
Speed 2 0.824 1.850 0.179
Temperature 2 33.026 74.155 <0.001
Interaction 4 0.197 0.422 0.777
Residual 24 0.445
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Table N: Respiratory Heat Loss (% Total Heat Production) - Running
25°C 35°C 45°C Row X
0.42m" s~^
1 11.000 31.707
2 29.403 41.095 53.397
5 7.806 30.194 61.105
6 5.800 35.098 60.596
K (13-50215. 407) (35 .524±2.419) (58.366±2.489) 33.38215.967
0.69m"s“^
1 8.595 16.800 —
2 10.602 32.899 56.105
5 10.505 28.603 24.896
6 13.404 15.798 51.405
"x (10.77710. 990) (23.525±4.268) (44.13619.715) 24.51014.964
1.11m"s”^
1 10.701 28.604 —
2 3.402 22.396 32.298
5 6.402 18.302 32.800
6 14,098 23.104 35.800
ÎÎ ( 8.65112. 354) (23.10212.118) (33.63311.093) 20.71913.348
Column X
10.97611. 900 27 .05012.266 45.37814.618
Analysis of Variance
Source of variation df MS F P
Main effects 4 809.947 29.114 <0.001
Speed 2 184.728 6.640 0.005
Temperature 2 1435.166 51.588 <0.001
Interaction 4 29.200 1.050 0.403
Residual 24 27.820
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Table O : Cutaneous Heat Loss (W-Kg~^) - Running
25° C 35°C 45°C Row X
0.42m*s~^
1 1.664 0.513
2 1.496 4.140 2.050
5 1.290 2.370 0.230
6 3.338 1.007 2.546
x" (1.947±0.470) (2.008+0.812) (1.609+0.704) 1.87710.355
0.69m*s“^
1 5.100 6.569
2 4.207 6.252 0.521
5 4.158 4.636 2.514
6 8.405 1.172 0.212
X (5.467±1.003) (4.657+1.236) (1.082+0.722) 3.97710.794
1. llin*s”^
1 0.381 1.641
2 6.656 7.137 0.331
5 1.550 7.562 1.333
6 8.474 6.150 1.391
X (4.265±1.955) (5.623±1.360) (1.01810.344) 3.87310.982
Column X
3.893±0.808 4.096+0.761 1.23710.321
Analysis of Variance
Source of variation df MS F
Main effects 4 20.215 4.188 0.010
Speed 2 15.413 3.193 0.059
Temperature 2 25.016 5.182 0.013
Interaction 4 5.862 1.214 0.331
Residual 24 4.827
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Table P : Cutaneous Heat Loss (% Total Heat Production)
50
- Running
25*C 35°C 45°C Row X
0.42m*s~^
1 25.105 7.603
2 19.194 56.508 22.603
5 15.403 28.306 2.605
6 41.000 14.197 38.404
X (25.176+5.640) (26.653+10.848) (21.204110.358) 24.63014.758
0.69m-s”^
1 52.202 70.600
2 41.102 60.404 5.895
5 35.396 51.103 20.396
6 73.000 12.000 2.304
X (50.425±8.294) (48.527±12.810) ( 9.532+5.530) 38.58217.667
l.llm*s ^
1 2.803 15.505
2 59.000 57.896 2.298
5 10.098 50.403 7.903
6 55.197 42.304 9.200
X (31.775+14.714) (41.527+9.240) ( 6.467+2.118) 28.41917.279
Column X
35.792+6.263 38.902±6.398 12.40114.111
Analysis of Variance
Source of variation df MS F P
Main effects 4 640.074 3.685 0.018
Speed 2 219.347 1.263 0.301
Temperature 2 1060.801 6.107 0.007
Interaction 4 187.482 1.079 0.389
Residual 24 173.716
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51Table Q : Nonevaporative Heat Loss {W*Kg“ )̂ - Running
25°C 35*C 45°C Row X
0.42m* s-1
1 4.236 4.095
2 4.005 0.176 0.109
5 6.934 2.813 0.053
6 4.738 3.597 0.066
X (4.978+0.670) (2.67010.872) (0.076±0.017) 2.80210.712
0.69m-s-1
1 3.830 0.093
2 1.750 0.693 0.194
5 5.521 0.245 0.099
6 1.565 6.174 0.193
T (3.167+0.938) (1.801+1.463) (0.16210.032) 1.85110.686
-1l.llm-s
1 11.771 3.376 —
2 1.433 0.198 0.216
5 10.409 0.060 0.135
6 3.301 4.900 0.212
X (6.782+2.562) (2.134+1.199) (0.18810.026) 3.27411.270
Column X
4.958±0.954 2.202+0.637 0.14210.021
Analysis of Variance
Source of variation df MS F P
Main effects 4 33.620 5.498 0.003
Speed 2 5.779 0.945 0.403
Temperature 2 61.462 10.050 <0.001
Interaction 4 3.844 0.629 0.647
Residual 24 6.115
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Table R: Nonevaporative Heat Loss (% Total Heat Production) -
Running
25°C 35*C 45°C Row X
0.42m* s~^
1 63.895 60.707
2 51.403 2.397 1.205
5 82.806 33.597 0.605
6 58.200 50.705 1.000
X (64.07616.745) (36.851112.776) (0.93710.176) 36.95619.214
0.69m*s”^
1 39.202 1.000
2 17.102 6.697 2.197
5 47.000 2.705 0.802
6 13.596 63.202 2.101
X (29.225+8.199) 
l.llm*s“^
(18.401114.981) (1.70010.450) 17.78216.607
1 86.504 31.901 imm
2 12.701 1.604 1.500
5 67.803 0.403 0.800
6 21.500 33.704 1.400
X (47.127+17.842) (16.90319.190) (1.23310.219) 23.62018.908
Column X
46.809+7.589 24.05217.099 1.29010.189
Analysis of Variance
Source of variation df MS F P
Main effects 4 1951.123 8.631 < 0.001
Speed 2 463.595 2.051 0.151
Temperature 2 3438.652 15.212 <0.001
Interaction 4 146.093 0.646 0.635
Residual 24 226.051
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Table S : Heat Storage (W*Kg"l) - Running
53
25°C 35 °C 45°C Row X
0.42m* s“^
1 0 0
2 0 0 2.068
5 0.502 0.662 3.155
6 -0.415 0 0
K (0.022+0.188) (0.16510.165) (1.74110.925) 0.54310.328
0.69m-s“^
1 0 1.089
2 3.194 0 3.155
5 0.834 1.597 6.644
6 0 0.890 4.061
X (1.007±0.755) (0.894±0.333) (4.62011.045) 1.95110.633
l.llm-s ^
1 0 2.540
2 2.803 2.232 9.216
5 2.413 4.636 9.866
6 1.241 4.896 8.104
X (1.614±0.632) (3.57610.692) (9,06210.514) 4.35911.005
Column X
0.881±0.361 1.54510.502 5.14111.148
Analysis of Variance
Source of variation df MS F P
Main effects 4 46.387 33.999 <0.001
Speed 2 40.956 30.018 <0.001
Temperature 2 51.818 37.979 <0.001
Interaction 4 7.668 5.620 0.002
Residual 24 1.364
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Table T; Heat Storage (% of Total Heat Production) - Running
25 °C 35“C 45*C Row X
0.42m"s~^
1 0  0 
2 0 0 22.795
5 6.000 7.903 35.697
6 -5.100 0 0
X ( 0.225+2.269) ( 1.976±1.976) (19.497±10.436) 6.118±3.701
0.69m*s ^
1 0 11.700
2 31.205 0 35.697
5 7.099 17.603 53.896
6 0 9.107 44.203
X" ( 9.576+7.401) ( 9.602±3.661) (44.599±5.257) 19.137±5.767
1.11m"s~^
1 0 24.000
2 24.845 18.104 63.903
5 15.720 30.899 58.503
6 8.083 33.860 53.600
X (12.162±5.308) (26.671±3.506) (58.669±2.975) 30.122±6.268
Column 3T
7.32113.225 12.750+3.519 40.992±6.703
Analysis of Variance
Source of variation df MS F P
Main effects 4 1828.551 14.251 <0.001
Speed 2 1564.727 12.195 <0.001
Temperature 2 2092.374 16.307 <0.001
Interaction 4 53.781 0.419 0.793
Residual 24 128.311
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